18S rDNA from 74 wine yeast strains was amplified by PCR using specific primers, and the products analyzed by temperature gradient gel electrophoresis (TGGE). TGGE is a useful method in screening the genotypes of the wine yeasts. Intraspecific differentiation was achieved on the basis of TGGE in some cases, whereas in others identical bands for strains classified as separate species were obtained. Heteroduplex analysis was capable of differentiating between similar bands produced by two different species, thereby enhancing the resolution of the TGGE, yielding valuable information in a short time without the need of sequencing or complicated equipment. ß
Introduction
Yeasts are industrial organisms used in the production of beer, wine, various spirits, bread, and other fermented products. On the other hand, Saccharomyces and non-Saccharomyces species may also cause infections and economic losses due to spoilage. As a result, over the past decade, a number of methods for the inter-and intraspeci¢c identi¢cation of these organisms have been developed [1] .
Identi¢cation to species level is based on the study of yeast metabolism, morphology, and reproduction. These methods are labor-intensive and time-consuming, and phenotypic characters are in£uenced by culture conditions and the great diversity of strains present. Other methods, such as electrophoresis of soluble proteins (SDS^PAGE) [2] and GC analysis of long-chain fatty acids [3] , have been tried, with greater or lesser success.
Nowadays, with the advances in molecular biology, a number of DNA-based analysis methods that are unaffected by culture conditions have emerged and are proving to be extremely useful in taxonomic studies and in distinguishing between strains of the same species. The most commonly used methods of that type are pulsed ¢eld gel electrophoresis of whole chromosomes [4, 5] , restriction fragment length polymorphism (RFLP) analysis [6] , probe-based detection of speci¢c DNA sequences (`Southern blotting') [7] , ampli¢cation of certain rDNA regions followed by RFLP [8] , random ampli¢cation of polymorphic DNA [9] , and ampli¢cation of microsatellite regions [10] .
DNA fragments of the same length but with di¡erent nucleotide sequences are separated on polyacrylamide gels using temperature gradient gel electrophoresis (TGGE) as a result of di¡ering electrophoretic mobilities caused by partial denaturing along a linear temperature gradient [11] . When a molecule reaches its melting point (T m ), the double helix undergoes a conversion to a partially denatured molecule and stops migrating. For two fragments with the same size, the DNA melting point will depend upon the proportion and position of the G+C bases.
To discriminate between bands with the same mobility, heteroduplex formation [12] generated during PCR ampli¢cation of the DNA of the two strains considered is used. The lack of homology at a given point in the sequence results in distortion of the usual structure, which can be detected by TGGE as a result of slower migration than for the corresponding homoduplexes.
This method has been used to analyze 16S and 18S rDNAs in studies of microbial ecology [13^18] and sometimes in taxonomic studies [19] . TGGE based on the prin-ciple of`one sequence^one band' holds out new prospects for yeast taxonomy. At the same time, the presence of additional bands is indicative of contamination of the culture by other microorganisms and hence can be used for quality control.
The object of the present study was to examine 74 yeast strains isolated from wine-making habitats using TGGE of 18S rDNA fragments previously ampli¢ed by PCR. Heteroduplex analysis was also applied in certain signi¢-cant cases.
Materials and methods

Yeast strains and cultures
Yeast strains were obtained from the Spanish Type Culture Collection (CECT) (University of Valencia, CSIC, Spain) ( Table 1 ).
All strains used in this study were cultured aerobically on YEPD (10 g l 31 yeast extract, 10 g l 31 bactopeptone, and 20 g l 31 glucose) media at 30³C for 24^48 h.
PCR
DNA samples for TGGE were prepared using PCR. The genomic DNAs of the yeasts were extracted and the 18S rDNA ampli¢ed [18, 20] . The PCR reaction mixture (50 Wl) contained 1^5 Wg of genomic DNA, 1UPCR bu¡-er, 200 WM of each deoxynucleotide triphosphate (dNTP), 1 WM of a primer that contained a GC clamp for directed melting during TGGE (58-mer YUNIV1 (5P-CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GAG CCT GAG AAA CGG CTA CCA C-3P)), 1 WM of another primer (20-mer YUNIV3 (5P-TTC AAC TAC GAG CTT TTT AA-3P)), and 1.25 U of Taq polymerase. This mixture was heated to 95³C for 5 min, followed by 35 ampli¢cation cycles (one cycle being 1 min at 95³C for denaturation, 1.5 min at 52³C for annealing, and 2 min at 72³C for extension) and a 7-min ¢nal extension at 72³C.
Agarose gels (20 g l 31 ) were used for con¢rmation of the PCR ampli¢cation. The gels were run in 1UTBE bu¡-er at 95 V for 1 h.
PCR bu¡er (10U), dNTPs, primers and Thermus aquaticus DNA polymerase (Taq polymerase) were from Roche Molecular Biochemicals (Germany). The equipment used included a GeneAmp 2400 PCR System (Perkin-Elmer) for the temperature cycles. All other reagents were from Sigma Chemical Co. (St. Louis, MO, USA).
TGGE
Each PCR-ampli¢ed fragment (10 Wl) was added to 3 Wl of loading bu¡er (0.5 g l 31 bromophenol blue, 0.5 g l 31 xylene cyanol, 70% glycerol in dH 2 O) and loaded onto the TGGE apparatus (Bio-Rad, Richmond, CA, USA). An 8% polyacrylamide gel (160U160U1 mm 3 ) containing 6 M urea, 1.25UTAE, 0.1% TEMED, 1 g l 31 ammonium persulfate, and 5 ml of a solution of 400 g l 31 acrylamide/bis was used for TGGE.
TGGE was performed at 130 V for 3 h, the temperature gradient from 62 to 65³C being run parallel to the migration. The gels were stained in an ethidium bromide solution (0.5 Wg ml 31 ), visualized by UV, and photographed (Polaroid MP-4).
Results and discussion
Genomic DNA from the 74 yeasts was ampli¢ed using primers with known sequences, in all cases yielding approximately fragments of 244 bp. A 34-bp GC-rich sequence (GC clamp) bound to the primer YUNIV1 increased the melting point of the PCR-ampli¢ed fragments, thereby augmenting the sensitivity of the TGGE analysis.
When TGGE was applied to pure cultures, only a single band was observed. All the strains from a single genus Fig. 1 . Ethidium bromide gel showing TGGE bands from the strains considered. All PCR products were suitably diluted to obtain the same band intensity in all cases. All authentic bands for the genera studied were compiled in the lanes labelled with the genus abbreviation (P: Pichia; H: Hanseniaspora; K: Kluyveromyces; Z: Zygosaccharomyces; S: Saccharomycodes; T: Torulaspora ; R: Rhodotorula ; M: Metschnikowia; E: Endomyces ; C: Candida; Sc: Schizosaccharomyces; D: Dekkera; De: Debaryomyces; Sa: Saccharomyces). There were several bands per lane because various PCR products were loaded onto each lane (labels as de¢ned in Table 2 ). Where several strains produced the identical band, the DNA ampli¢cate for only one of the strains was loaded, as per Table 2. were loaded in the same gel loading well, and the pro¢les of the bands thus obtained are depicted in Fig. 1 . Table 2 shows the relationship between genus, band, species, and strain.
Five bands were observable in lane P (genus Pichia). Four of the bands, p1, p2, p4, and p5, were characteristic of strains of P. farinosa (CECT 10348), P. anomala, P. carsonii, and P. guilliermondii, while the other band, p3, was typical of P. fermentans, P. membranifaciens, P. jadinii, and P. farinosa (CECT 1447).
The two P. farinosa strains studied displayed di¡ering mobilities, unlike the results reported by the application of PCR^RFLP to 5.8S rRNA using three di¡erent restriction enzymes [21] .
For the genus Hanseniaspora, lane H, there were three bands, band h1 corresponding to H. uvarum and H. guilliermondii; band h2 to H. valbyensis ; and band h3 to H. osmophila. As in the preceding genus, PCR^RFLP was unable to di¡erentiate H. uvarum and H. guilliermondii.
There were two clearly observable bands for the genus Kluyveromyces in lane K, one, band k1, characteristic of four strains of K. thermotolerans and the other, band k2, characteristic of another four strains of K. marxianus. Good discrimination to the species level was achieved.
The strains of the genus Zygosaccharomyces, lane Z, were grouped in three closely grouped bands, band z1 characteristic of Z. £orentinus and Z. bisporus, band z2 characteristic of two strains of Z. bailii, and band z3 characteristic of four strains of Z. rouxii. The bands were clearly distinguishable (Fig. 1) , and, except for band z1, each band was ascribable to a single species.
The three strains of Saccharomycodes ludwigii studied (lane S) showed two separate bands (s1, s2), so the strains were partially di¡erentiated.
Three bands, lane T, were observed for ¢ve strains of Torulaspora delbrueckii and Torulaspora globosa. There were species-speci¢c bands (band t2 for T. delbrueckii and band t3 for T. globosa), except for one strain of T. delbrueckii (CECT 10558), which yielded band t1.
Three species of Rhodotorula were loaded in lane R, yielding two bands, band r1 for R. minuta, and another, band r2 for R. mucilaginosa and R. glutinis.
Bands with di¡erent migration distances for the single strains from the genera Endomyces, Candida, Schizosaccharomyces, Debaryomyces, and Saccharomyces present were observable in the remaining lanes, E, Sc, De, and Sa. The bands for the strains of Dekkera anomala and Dekkera bruxellensis in lane D migrated together, as did the bands for the four strains of Metschnikowia pulcherrima in lane M.
In certain cases it was di¤cult to di¡erentiate between species (p3, h1, z1, r2 and d1) and in other cases between genera ( Fig. 1) on account of the similar mobility of the fragments. A similar situation was shown by Felske et al. [19] for the characterization of coryneform bacteria where the resolution limit of TGGE analysis appears to be somewhere between the genus and the species level.
Heteroduplex analysis was run on some of the strains that had displayed bands with the same mobility. This type of analysis is based on the fact that if there is no hybridization between the heterologous strands of DNA, the double DNA strand formed stops at lower tempera- tures. Denaturation and hybridization of two heterologous DNA fragments gives rise to three bands, one for the two superposed homoduplex fragments and two other bands of lesser mobility for the heteroduplexes. Fig. 2 depicts the results obtained from the analysis of heteroduplex formation. The analyses of two yeast pairs that exhibited the same mobilities, D. anomala/D. bruxellensis and Z. £orentinus/Z. bisporus, in each case revealed two bands of lower intensity and shorter migration distances, i.e. heteroduplex bands. These results indicate that the ampli¢ed fragments had di¡ering sequences and were thus from two di¡erent species. The presence of heteroduplexes was also recorded for the species T. globosa (CECT 10655)/P. guilliermondii (CECT 1021).
The heteroduplex analysis on D. bruxellensis/K. thermotolerans yielded only a single high-intensity band, in that both heteroduplex bands had the same mobility. As in the preceding instance, the presence of heteroduplexes was indicative of di¡ering sequences in the ampli¢ed DNA fragments from these two genera.
P. fermentans (CECT 10078) and P. membranaefaciens (CECT 1115) did not yield heteroduplexes (data not shown), which means that the ampli¢ed sequence was identical in the two species, which are thus very closely related phylogenetically. Esteve-Zarzoso et al. [21] obtained very similar restriction fragments for these two species.
This study has demonstrated the usefulness of the method employed in screening the genotypes of wine yeasts from the collection. The method a¡orded the greatest resolution at the genus level, clearly shown by the results showed in lanes from M to Sa in Fig. 1 . Resolution was also good at the species level, and in some cases intraspeci¢c di¡erentiation was achieved as well.
In addition, heteroduplex analysis revealed the similarity between the ampli¢ed regions of DNA from two or more strains in a single analysis run without need of sequencing or complex equipment and hence yielded large amounts of information in a short time.
It has thus proved to be an extremely useful tool for studying diversity in wine ecosystems and it would be effective in the fast screening of large numbers of wine yeast isolates.
Finally, the method was also suitable for verifying culture purity, in that the presence of more than one band is indicative of the existence of at least two populations.
